The glass gene is required for proper photoreceptor differentiation during development of the Drosophila eye. glass codes for a DNA-binding protein containing five zinc fingers that we show is a transcriptional activator. A comparison of the sequences of the glass genes from two species ofDrosophila and a detailed functional domain analysis of the Drosophila melanogaster glass gene reveal that both the DNAbinding domain and the transcriptional-activation domain are highly conserved between the two species. Analysis of the DNA-binding domain of glass indicates that the three carboxyl-terminal zinc fingers alone are necessary and sufficient for DNA binding. We also show that a deletion mutant of glass containing only the DNA-binding domain can behave in a dominant-negative manner both in vivo and in a cell culture assay that measures transcriptional activation.
DNA-binding domain of glass indicates that the three carboxyl-terminal zinc fingers alone are necessary and sufficient for DNA binding. We also show that a deletion mutant of glass containing only the DNA-binding domain can behave in a dominant-negative manner both in vivo and in a cell culture assay that measures transcriptional activation.
The glass gene encodes a polypeptide that contains five zinc fingers of the Cys-His class near the carboxyl-terminus (1). glass protein binds DNA (2), and here we show it functions as a transcriptional activator. glass gene function is required in all photoreceptors for proper differentiation in the Drosophila eye imaginal disc, a monolayer epithelium which gives rise to the adult eye. During development, an indentation called the morphogenetic furrow sweeps across the monolayer and is followed shortly by cell-fate determination. The neuronal fate of photoreceptors is determined at this time. Several hours after neuronal cell fate has been established in the eye disc, photoreceptor-specific differentiation begins (for review, see ref.
3). It is at this stage that glass is required, since in eye imaginal discs mutant for glass, cells undergo neuronal fate determination but never express photoreceptor-specific genes (1). Although glass protein is expressed by all cells in and posterior to the morphogenetic furrow, it is required only in photoreceptors (1). The activity of glass is negatively regulated in the nonneuronal cells of the eye disc by another transcription factor that binds adjacent to it in certain enhancer elements (4) .
Structure/function studies of transcription factors have revealed a remarkably modular structure. Domains have been identified that are sufficient to confer either DNA-binding or transcriptional-activation activity when fused to heterologous proteins (for review, see ref. 5) . Several classes of highly conserved DNA-binding motifs, such as the homeodomain, the Ets domain, and zinc fingers, have been identified by using these techniques (6) . Although such studies have also allowed the demarcation of transcriptional-activation domains, the level of amino acid conservation observed between them has been much lower. Proline-rich, glutamine-rich, isoleucine-rich, and acidic activation domains have been described (7) (8) (9) (10) (11) , but the precise positioning of residues does not appear to be very well conserved phylogenetically, as is the case with DNAbinding domains. In only a few instances have any conserved sequences been identified, and these consist of short stretches
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of low amino acid similarity (12) (13) (14) . To learn more about transcriptional-activation domains, as well as other aspects of transcription factor function, we undertook a detailed study of the glass protein.
We began by cloning and sequencing the glass gene from Drosophila virilis, a Drosophila species that diverged from Drosophila melanogaster 60 million years ago (15). Homologous genes from these two species retain a higher degree of sequence conservation in regions coding for important functional domains of proteins compared with other domains (16, 17) . We tested the functionality of the conservation observed between the two glass genes in two ways. (Fig. 1) . Overall the amino acid identity was 78%. Interspersed regions of high and low amino acid identity are a common feature when D. virilis and D. melanogaster genes have been compared (17, 27-30). Previous comparisons between transcription factor homologues have revealed that, as is the case for glass, the DNA-binding domain corresponds to the region with highest degree of amino acid identity (17, 27, 29) . The functions of the other regions of high identity in these transcription factors were not determined.
To test the functionality of the sequence conservation observed for glass, we generated transgenic flies that express the D. virilis glass gene in D. melanogaster. This transgene is largely able to rescue the glass phenotype (Fig. 2C) Testing the Function of Conserved Domains. To obtain direct evidence for functional conservation of the homologous domains, we generated an extensive series of deletion mutants of the D. melanogaster glass gene, which were then tested for both DNA-binding and transcriptional-activation activities. These studies allowed us to define minimal domains of the glass protein sufficient for each of these two activities that are critical for transcriptional regulation.
To eliminate any bias, the deletion end points in the mutants were generated randomly with exonuclease III. Two sets of mutants were generated initially by deleting from either the 5' or 3' end of the glass cDNA to generate amino-terminal or carboxyl-terminal deletion mutants, respectively. Truncated protein products were then generated from each mutant by in vitro transcription/translation, and the DNA-binding activity of each mutant was assayed by gel mobility-shift assays using a probe containing a glass-binding site (2). A schematic diagram summarizing the DNA-binding activity of the mutants is shown in Fig. 3 Fig. 1 . Below the diagram of full-length glass are shown the end points of the amino-terminal (N), carboxyl-terminal (C), or internal (I) deletion mutants that were used in this study. The number(s) in the name of each mutant correspond to the residue immediately amino-terminal to the deletion end point. In the right column is the DNA-binding activity of the various mutants, as estimated by gel mobility-shift assay. One "+" indicates the amount of binding observed for full-length glass. Many of the amino-terminal mutants bound DNA more tightly than full-length glass in this assay. The transcriptional-activation activities of the deletion mutants of glass are shown as a percentage of the activity observed for the full-length protein. "n.t." indicates that a particular mutant was not tested for activity since it had previously been shown to be unable to bind DNA. studies revealed that mutants with larger amino-terminal deletions bound to the probe more tightly than either fulllength protein or smaller deletions, even when equimolar amounts of in vitro translated proteins were used. We further observed that the three carboxyl-terminal zinc fingers were critical for DNA binding, while the amino-terminal fingers were dispensable, though they did serve to increase affinity significantly (Fig. 4) . Another zinc-finger containing protein, PRDI-BF1, has also been reported to require only the aminoterminal two of five zinc fingers for correct DNA-binding specificity (31).
Next, with the goal of identifying a minimal transcriptionalactivation domain, we tested each of the amino-and carboxylterminal deletion mutants for its ability to enhance transcription in the cotransfection assay. The data obtained are summarized in Fig. 3 . The amino-terminal deletion mutants allowed us to establish that the first 131 amino acids of glass are dispensable for transcriptional activation. Interestingly, one of the three sequences highly conserved between D. melanogaster and D. virilis is contained within these 131 residues. This conserved domain is apparently not absolutely required for transcriptional activation, although it does stimulate activation by about 3-fold. Transcriptional-activation activity is not abolished in the amino-terminal deletion series until the second region of high identity with D. virilis is removed.
The carboxyl-terminal deletion mutants generated were not informative for delimiting a minimal activation domain, since the zinc fingers, located near the carboxyl terminus of the protein, are deleted in this series of mutants. We therefore generated a series of internal deletion mutants which left the zinc fingers intact, and then deleted residues progressively further upstream of them. These mutants allowed us to define residue 214 as the carboxyl-terminal boundary of the activation domain. However, the putative minimal activation domain consisting of residues 131-214 was not sufficient to provide transcriptional-activation activity when fused directly to the DNA-binding domain. However, we were able to detect weak transcriptional activation with a minimal activation domain consisting of residues 131-262.
This small domain, sufficient for transcriptional activation, contains one of the amino-terminal sequences that is highly conserved between the D. melanogaster and the D. virilis glass genes. Within this domain there are seven hydrophobic residues in a pattern that resembles a motif also found in the activation domains of several other transcriptional activators, including p53 (32), VP16, and SP1 (33) . Detailed analyses of the activation domains of these three proteins have revealed that point mutations in one or more of the bulky hydrophobic residues severely impair transcriptional activation (32) (33) (34) . To test the importance of this motif in glass, we generated four mutants in this domain that change one or two of the seven hydrophobic residues to alanine (see Fig. 1 ). These point mutants were then tested in the transcriptional-activation assay. Surprisingly, none of the mutants reduced activation to a significant extent. Perhaps if all seven of the residues were mutated simultaneously, an effect would be detectable. Apparently, the hydrophobic residues are not as important in the glass-activation domain as they are in Spl, VP16, and p53, suggesting that another motif in this conserved domain is responsible for mediating transcriptional activation.
It is also surprising that removal of the first domain of high homology in the amino-terminus reduced activation by only two-thirds. Perhaps the only function of this domain is to stimulate the transcriptional-activation activity of the other highly conserved domain in the amino-terminal half of glass. Alternatively, this domain might have some other as yet unidentified role critical to glass protein function. For example, it might be required for interacting with the factor that negatively regulates glass activity in nonphotoreceptor cells (4).
Characterization of a Dominant-Negative Form of glass in Vitro and in Vivo. Since we have observed that a mutant containing only the five zinc fingers bound DNA more tightly than the full-length protein in our gel mobility-shift assay, we tested this construct for its ability to act as a dominant-negative mutant in"the transcriptional-activation assay. We found that when a mutant containing the zinc fingers alone is transfected together with an equal amount of full-length expression construct plasmid, transcriptional activation of the reporter construct is down to between 3% and 7% of the activity of the same amount of full-length expression construct DNA alone (see Fig. 5 ). Thus, this mutant has a dominant-negative effect in the transfection assay. We further showed that increasing the amount of mutant DNA transfected increased the amount of inhibition over 100 fold. A mutant containing only the four most carboxyl-terminal zinc fingers also was able to act as a dominant negative, although the effect was weaker and only detectable when higher amounts of DNA were transfected. These data suggest that the DNA-binding domain alone is able 1 100137 199 271 _I l w to effectively compete with the full-length protein for binding sites, thus reducing the amount of transcriptional activation. We were also able to show that a mutant containing just the five zinc fingers (N432) is able to confer a dominant-negative phenotype in vivo, since flies carrying multiple copies of a transgene expressing N432 under the control of glass regulatory sequences exhibit a rough eye phenotype (Fig. 2D) . Of three independent P element insertion lines generated which express this transgene, two appeared to have wild-type eyes, while one line had only mild defects. It was not until flies were generated carrying three or four copies of the transgene that the dramatic phenotype shown in Fig. 2D Fig. 2 . In each case, Drosophila S2 cells were cotransfected with 100 ng Of pPAcGlass and 20 ng (0.2x), 100 ng (1.0x), 500 ng (5.0x), or I ,tg (10x) of the indicated mutant in pPAcUbx+NdeI. The fold inhibition of full-length glass was determined by dividing the amount of activity observed with transfection of pPAcGlass alone by the amount observed by cotransfection of pPAcGlass with the indicated amount of each mutant-containing plasmid.
